We develop a phenomenological theory to predict the characteristic features of the momentumdependent scattering amplitude in resonant inelastic x-ray scattering (RIXS) at the energy scale of the superconducting gap in iron-based super-conductors. Taking into account all relevant orbital states as well as their specific content along the Fermi surface we evaluate the charge and spin dynamical structure factors for the compounds LaOFeAs and LiFeAs, based on tight-binding models which are fully consistent with recent angle-resolved photoemission spectroscopy (ARPES) data. We find a characteristic intensity redistribution between charge and spin dynamical structure factors which discriminates between sign-reversing and sign-preserving quasiparticle excitations. Consequently, our results show that RIXS spectra can distinguish between s ± and s ++ wave gap functions in the singlet pairing case. In addition, we find that an analogous intensity redistribution at small momenta can reveal the presence of a chiral p-wave triplet pairing.
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Using the fast collision approximation 46, 47, 53 the RIXS cross section can be decomposed into a combination of charge and spin DSF of 3d electrons as 42, 48, 53, 54 ∑ being |i〉 and f the initial and final states of the RIXS process with energy E i and E f , and with ω and q the transferred photon energy and momentum. Note that the spin DSF is assumed to have the same momentum and energy dependence for any direction of the spin 55 (1) depend on the transition-metal ion, the orbital symmetry of the system, the specific geometry of the experiment, and on the polarization e of the incoming and outgoing x-ray beams 47, 53, 54 . Thus, these parameters can be adjusted in the RIXS experiment, and therefore, under construction of particular experimental setups, the cross section will be solely determined either by the charge or by the spin DSF. As it has been shown in ref. 42 , this property can be used to reveal the character of the pairing mechanism in unconventional superconductors. Motivated by this idea, we study in this paper the charge and spin DSF for iron-based superconductors using accepted band structure models, and comparing different pairing mechanisms and order parameter symmetries.
In order to reproduce correctly the characteristic disconnected Fermi surface of iron-based superconductors, a minimal model for these systems must include more than one 3d orbital state on the Fermi surface. Therefore, a phenomenological description of the unconventional SC state in iron-based superconductors can be achieved by a generalized multi-band mean-field Hamiltonian in the form 37
where the operator τ † c i k (c iτk ) creates (annihilates) an electron with spin τ in the energy band i, which is described by the bare electron dispersion ε ik , and with Δ k the momentum-dependent order parameter. The second term in Eq. (3) is responsible for the SC state, with the pairing character determined by ξ τ . The case of ξ τ = ± 1 for up and down spin describes the spin-singlet pairing, whereas the case ξ τ = 1 for both spin directions leads to a special type of spin-triplet state. In general, the triplet pairing term is given by − ∆ + . .
, with a multi-component order parameter of the form Δ kττ′ = i[d(k) ⋅ σ]σ y . However, in this paper we consider only the simplest case d x (k) = d y (k) = 0 and d z (k) = Δ k , and therefore the gap function simplifies to Δ k↑↑ = Δ k↓↓ = 0 and Δ k↑↓ = Δ k↓↑ = Δ k .
To investigate the RIXS cross section given by Eq. (1) we calculate the DSF on the basis of the model Hamiltonian (3) separately for each of the relevant orbitals. Using the unitary transformation between orbital and energy band representation defined as
we rewrite the density and spin operators ρ αβ (q) and αβ S q ( ) z in Eq. (2) in terms of the operators c iτk and τ † c i k in the band re p resentation. Note that, in general, the Hamiltonian is not diagonal with respect to the orbital states because the different orbitals can hybridize with each other. The transformation matrix elements λ iα,k , which describe the orbital content of conduction bands, are obtained diagonalizing the low-energy tight-binding Hamiltonian of the system. For this purpose, we consider in this paper the tight-binding model in ref. 56 for the compound LaOFeAs, and a slightly modified tight-binding model based on ref. 34 for the compound LiFeAs.
Having expressed the density and spin operators in the DSF in terms of the one-particle operators in the band representation, the next step is to diagonalize the Hamiltonian (3) by the Bogoliubov transformation
for each of the different bands. This allows us to determine the ground state |BCS〉 and the excitations of the system, in terms of the quasiparticle operators γ iτk and of the quasiparticle dispersion ε = + ∆ E i i k k k 2 2 . In a centrosymmetric superconductor at zero temperature, the excited states contributing to DSF have the form γ γ
with energy E ik + E jk+q . It follows that the charge and spin DSF
of quasiparticle excitations is described by a matrix of intra-orbital (α = β) and inter-orbital (α ≠ β) components given by where α, β span the relevant orbitals of the system and the ± sign distinguishes between charge and spin DSF [57] [58] [59] . This result shows that the momentum-dependent DSF of low-energy quasiparticle excitations is strongly affected by the orbital content of bare electrons and the structure of the SC order parameter. The character of the SC pairing, which is described by the gap function Δ k , arises at energies close to the Fermi level ω ≈ ε F . There, the main contributions to the DSF correspond to excitations close to the Fermi surface, i.e., those which fulfill the condition ε ik ε jk+q ≪ |Δ k Δ k+q |. Assuming a phase dependent order parameter in the form ∆ = ∆ φ e i k k k , the DSF in Eq. (5) for low-energy excitations becomes approximately
Hence the DSF is influenced significantly by the order parameter phase φ k on the Fermi surface. In particular, the charge DSF is suppressed for sign-reversing (φ k − φ k+q = π), whereas the spin DSF is suppressed for sign-preserving excitations (φ k − φ k+q = 0).
Interactions between the conduction electrons are taken into account within the RPA. The matrix function of the DSF
where is the identity matrix and Γ = U the interaction matrix. Following ref. 56 , we have chosen the intra-orbital interaction as U = W/4, where W is the bandwidth of the relevant bands, and neglected the inter-orbital interaction (J = 0) in the actual calculations of the DSF of LaOFeAs and LiFeAs.
Since 42 , which is a unique feature among other spectroscopies. A comparison between the charge and the spin DSF of quasiparticle excitations allows one to disclose the momentum dependence of the magnitude and of the phase of the SC order parameter and, therefore, the underlying symmetry of the pairing mechanism. In the next Section we will show the predicted RIXS spectra for the LaOFeAs and LiFeAs iron-based superconductors obtained numerically using the theoretical framework described above.
Numerical Results
Minimal orbital model. We start by considering the effective two-band tight-binding model proposed in ref. 56 , which is regarded as a minimal model for conduction electrons in iron-based superconductors. This model takes into account the effective hoppings between the two orbitals xz and yz of the iron ions within a single Fe-ion unit cell, and correctly reproduces the band structure of the compound LaOFeAs, which consists of disconnected hole-like Fermi surface branches around the points (0, 0) and (π, π) and separate electron pockets of 7), and assuming the bare electron dispersion of the tight-binding model in ref. 56 . The resonance peak appears at relatively small energy values close to (0, 0) and is dispersive. Spectral intensities at (0, 0) and (π, π) are suppressed in the spin DSF for both order parameter choices, while spectral intensities at Q AF = (π, 0) are suppressed in the charge (spin) spectra in the s ± (s ++ ) wave state. Intensities are in arbitrary units.
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where t 1 is the magnitude of the dominant nearest-neighbor hopping (cf. ref. 56) . For these choices of the order parameter, the gap magnitude in the spin-singlet case varies around ≈ 0.75Δ 0 along the electron pockets and the inner hole pocket, and around ≈ 0.6Δ 0 along the outer hole pocket, with opposite sign in the case of s ± wave symmetry. In the spin-triplet case instead, the gap magnitude varies around ≈ 0.65Δ 0 along the electron pockets and the inner hole pocket, and around ≈ 0.83Δ 0 along the outer hole pocket. The inter-band interaction in the RPA is fixed to the value U = W/4 = 3t 1 .
At first we study the general behavior of the spectra in a large energy range. Figure 1 shows the charge and spin DSF as a function of the transferred momentum q in an energy range up to ω ∈ [0, t], calculated in the RPA using Eq. (7) . We consider the two cases of s ± and s ++ wave symmetry. A dispersive resonance peak is clearly visible at rather small momentum transfer, which arises due to the interaction processes. Significant differences between charge and spin DSF are obtained at low-energy values in the order of the SC gap. In particular, the spectral weight of the spin DSF at momentum vectors close to the points (0, 0) and (π, π) is strongly suppressed, whereas spectral intensities at Q AF = (π, 0) are suppressed in the charge (spin) spectra in the s ± (s ++ ) wave state. This spectral redistribution is indeed sensitive to the symmetry of the SC order parameter 42 . In order to investigate this feature in more detail, we will focus hereafter on the differences between charge and spin DSF by fixing the transferred energy ω to a value which is comparable with the energy scale of the SC gap.
For these purposes, we show in Fig. 2 the charge and spin DSF at a fixed energy loss ω = 2Δ 0 as a function of the transferred momentum q, for the three choices of the order parameter defined above. As one can see, low-energy excitations which are sign-reversing, (opposite phase of the order parameter), suppress the charge component of the DSF, whereas sign-preserving excitations (same phase of the order parameter) suppress the spin component in the low-energy quasiparticle spectra. For this reason, spectral intensities at Q AF = (π, 0) in Fig. 2 are suppressed in the charge and in the spin DSF respectively in s ± wave and in the s ++ wave SC states. Such transferred momentum, which corresponds to the ordering vector of the antiferromagnetic phase, is in fact a nesting vector between the hole pockets and the electron pockets in the Brillouin zone, which have an opposite sign or the same sign of the order parameter alternatively in the s ± wave and in the s ++ wave states. Note that the Fig. 1 which appears here close to the point (0, 0) is largely dominant in the charge DSF spectra, while intensity distributions around Q AF = (π, 0) and at |q| ≈ π/2 are sensitive to the differences in the order parameter phase along the Fermi surface. Spectral intensities at Q AF are strongly suppressed in the charge (spin) spectra in the s ± (s ++ ) wave state, while intensities in the region |q| ≈ π/2 around the point (0, 0) are suppressed in the charge (spin) DSF in the p z (s ± or s ++ ) wave state. Intensities are in arbitrary units. enhancement of spectral intensity in the spin response functions at momentum Q AF , as it appears in Fig. 2 for the s ± case, has been found also in INS experiments 23, 24 .
On the other hand, based on the result in Fig. 2 we propose that RIXS will be able to detect a characteristic signature of the p-wave order parameter. Namely, the odd-symmetry in momentum space Δ −k = − Δ k should produce signatures in the spectral intensities of excitations with transferred momentum |q| ≈ π/2 (see Fig. 2 ), corresponding to a self-nesting of the hole pockets. This type of excitations, which lead to characteristic intensity features also in LiFeAs (see next Section), refer to intra-band contributions located in a narrow momentum range similar to the conventional nesting scenario between the electron and hole pockets. In the s-wave case these excitations preserve the sign of the order parameter (Δ k+q = Δ −k = Δ k ), leading to a suppression of spectral intensities in the spin DSF. In the p-wave case instead, these excitations are sign-reversing (Δ k+q = Δ −k = − Δ k ), with a consequent suppression in the charge DSF.
LiFeAs. While there is a general agreement about the presence of a spin-singlet s ± wave superconductivity 6, 7 in other iron-based SC, where nesting dominates the low-energy properties, the nature of the SC state in LiFeAs seems to be elusive. Different scenarios have been proposed in place of the s ± wave pairing, e.g., an s ++ wave SC state, driven by the critical 3d-orbital fluctuations induced by moderate electron-phonon interactions 33 , or even a spin-triplet pairing driven by ferromagnetic fluctuations 34 . While the singlet pairing is supported by some INS experiments 35 , the unusual shape of the Fermi surface and the momentum dependency of the SC gap measured by ARPES 29 is in conflict with the s ± wave symmetry. Moreover, STM experiments of the quasiparticle interference 36 are consistent with a p-wave spin-triplet state or with a singlet pairing mechanism with a more complex order parameter (s + id wave). Whereas ARPES has been proven to be powerful in measuring the momentum dependence of the SC gap on the Fermi surface 28, 29 , it should be noted here that ARPES, since not sensitive to the order parameter phase, cannot distinguish between singlet and triplet pairing, i.e., between even (Δ k = Δ −k ) and odd (Δ k = − Δ −k ) symmetry of the order parameter. In fact, the experimental momentum dependence of the SC gap measured by ARPES 29 is consistent, in principle, with a spin-singlet as well as with a spin-triplet state, as long as the pairing mechanism correctly reproduces the gap magnitude variations along the Fermi surface.
The theoretical predictions shown in this Section in combination with an appropriate RIXS experiment might help to clarify the complicated and controversial situation of LiFeAs. To achieve this goal, we consider different order parameter symmetries, corresponding to spin-singlet and spin-triplet pairing. In order to properly take into account the orbital degrees of freedom of the system, we construct our model on the basis of the effective three-band tight-binding model proposed in ref. 34 , which includes the effective hoppings between the t 2g orbitals of the iron ions, within a single Fe-ion unit cell. Nevertheless, a comparison with ARPES measurements 25, 28 shows that the inner hole pocket in LiFeAs is much smaller than the one produced by the tight-binding model in ref. 34 . Furthermore, the SC gap is significantly larger 29 on the inner hole pocket than on the outer one. For this reason, we redefine the hopping parameters in order to fit the experimental Fermi surface 25, 28 . These parameters and for the same model with hopping parameters (see Table 1 ) fitted with the experimental Fermi surface of LiFeAs 25,28 (solid line).
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Besides the s ± , s ++ , and p z wave defined above, we consider here also a triplet pairing order parameter  p z , defined as ∆ = ∆ (7), respectively with s ± , s ++ , p z , and  p z wave SC order parameter (Δ 0 = 6 meV). Spectral intensities at Q AF are larger for the spin (charge) DSF spectra in the s ± (s ++ ) wave state, while intensities at (π/2, 0) are larger in the spin (charge) DSF in the p z and  p z (s ± and s ++ ) wave state. Intensities are in arbitrary units. order parameter magnitude by taking Δ 0 = 6 meV, in order to be consistent with the measured value of the SC gap in LiFeAs 29 . We consider the inter-band interaction in the RPA as U = W/4 ≈ 0.7 eV. Therefore, in the case of the s-wave states (s ± and s ++ ), and of the  p z wave state, the gap magnitude varies around ≈ 4.6 meV along the electron pockets, around ≈ 6 meV along the inner hole pocket, and around ≈ 3 meV along the outer hole pocket, with opposite sign in the case of the s ± wave symmetry, and with the phase continuously varying on the Fermi surface in the case of the  p z wave state. In the p z wave case instead, the gap magnitude varies around ≈ 4 meV along the electron pockets, around ≈ 0.6 meV along the inner hole pocket, and around ≈ 5.6 meV along the outer hole pocket. In any of the case considered, the low-energy quasiparticle excitations contribute to coherence peaks at (0, 0) with energy in the range 6 meV < E < 12 meV (Δ 0 < E < 2Δ 0 ).
In Fig. 4 we show the RIXS intensities for the charge and spin DSF at a fixed energy loss ω = 2Δ 0 = 12 meV as a function of the transferred momentum q, for different choices of the SC order parameter symmetry, calculated using Eq. (5) . The resonant peaks at Q AF and at |q| ≈ π/2 are clearly visible in the calculated spectra, and are consistent with recent INS experiments 25, 60 . However, in LiFeAs, no nesting occurs between the hole and the electron pockets 28 , and therefore the peak at Q AF in the quasiparticle spectra, which corresponds to the scattering between hole and electron pockets, is much weaker and broader than in the LaOFeAs case. We find a square-like intensity distribution at small momenta for all the considered pairing symmetries, which is a typical feature of the low-energy spectrum in LiFeAs arising from inter-band scattering processes between the two hole-like Fermi surface branches 36, 61 . Indeed, as in the previous case, RIXS spectra in LiFeAs are strongly sensitive to the symmetry of the SC order parameter and on its relative phase differences along the Fermi surface. In fact, spectral intensities at Q AF are further suppressed in the charge and in the spin DSF respectively in the s ± wave and in the s ++ wave SC states. This is because one has ∆ =±∆ + k Q k AF , with the ± sign corresponding to the s ++ and s ± wave, resulting in sign-preserving and sign-reversing excitations respectively. In the p-wave states no suppression occurs, being ∆ =∆ + ⁎ k Q k AF , i.e., with a phase difference given by 2φ k , resulting in charge and spin coherence factors [see Eq. (6)] which continuously vary on the Fermi surface. Again, the signature of the p-wave odd-symmetry is in the spectral intensities of excitations with transferred momentum |q| ≈ π/2, corresponding to a self-nesting of the larger hole pocket (see Fig. 4 ). While in the s-wave case excitations with |q| ≈ π/2 are sign-preserving, with a consequent suppression of spectral intensities in the spin DSF, in the p-wave case they are sign-reversing, resulting instead in an enhancement in the spin DSF.
In order to present in the most clear way how to distinguish between the different pairing scenarios in LiFeAs, we show in Fig. 5 the RIXS spectra as a function of the energy loss for the charge and spin DSF of quasiparticle excitations at Q AF and at (π/2), again for different choices of the SC order parameter symmetry. As we have seen, these particular momenta are those where the sensitivity to the order parameter phase is more pronounced. In particular, spectral intensities corresponding to the transferred momentum Q AF are sensitive to sign changes of the order parameter between hole and electron pockets. Indeed, as one can see in Fig. 5 , the charge (spin) DSF is suppressed in the s ± (s ++ ) wave state. Therefore, a comparison between charge and spin DSF can be revealing of a sign-reversal in the order parameter between disconnected branches of the Fermi surface. On the other hand, the spectral contributions of the intra-band scattering within the hole pockets, which correspond to a transferred momentum |q| ≈ π/2, are strongly affected by the parity of the order parameter, and therefore can discriminate between spin-singlet (e.g., s-wave) and spin-triplet pairing (e.g., p-wave). In fact, spectral intensities at (π/2, 0) in Fig. 5 are suppressed in the charge and spin DSF respectively in the spin-triplet (p z and  p z wave) and in the spin-singlet (s ± and s ++ wave) cases. It should be noticed here that this result is general, and does not depend on the gap magnitude dependence along the Fermi surface, but only on its phase variations, and therefore is a mere consequence of the odd parity of the order parameter. This aspect is clearly displayed by the two panels of Fig. 5 referring to the p-wave state at (π/2, 0). The suppression of the charge DSF occurs for both p z and  p z wave, which have a different gap magnitude dependence, but nevertheless the same phase variations and the same parity.
Conclusions
We have shown that RIXS spectra of quasiparticle excitations are sensitive to phase differences of the SC order parameter along the Fermi surface, and hence allow one to distinguish among different SC states, in particular between spin-singlet and spin-triplet pairing and between sign-preserving and sign-reversing s-wave states in iron-based superconductors. In particular, RIXS spectral intensities corresponding to a self-nesting of the hole pockets can discriminate between singlet and triplet pairing, while RIXS spectra corresponding to a scattering between hole and electron pockets [Q AF = (π, 0)] can discriminate between an s ± wave and an s ++ wave order parameter. The contribution of quasiparticle excitations can be separated from other effects (e.g., fluorescence) by considering the difference between the total inelastic scattering measured slightly above and slightly below the critical temperature. Therefore RIXS has the potential to serve as a tool to probe the symmetry of the SC order parameter in iron-based superconductors, as soon as the energy resolution will reach the energy scale of the SC gap.
